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T h i s  r e p o r t  was p r e p z r e d  b y  T h e  C h a r 1  es SZ..arl.: P r a p e r  
L a b o r a t o r y ,  Inc. u n d e r  c o n t r a c t  NAS9-17540 w i t h  t h e  Lyndon B. 
Johnc; im S p a c e  C e n t e r  of t h e  N a t i a n a l  A e r a n a u t i c s  P< Space 
4dmi n i  s t r a t i  o n .  
P u b l i c a t i o n  of  t h i s  r e p o r t  d o e s  n o t  c o n s t i t u . t e  approval 
b y  the NASA/JSC o f  the  f i n d i n q s  or c o n c l u s i o n s  c o n t a i n e d  
h e r e i n .  I t  is p u . b l i s h e d  f o r  t h e  e x c h a n g e  a n d  s t i m u l a t i o n  o-f 
ideas.  
"The p c i r p o s e  o-F t t i i . ;  r e p o r t  ir; t o  i n + o r m  ths r e a d e r  of 
s o m e  basic aspec1:s c o n c e r n i n g  f i b u r  op t ic . ; .  T h i s  p a p e r  
t o u c h e s  o n  some h i s t o r y  l e a d i n g  c q  t o  t he  d e v e l o p m e n t  cif 
c i p t i c a l  f i b e r s  w h i c h  are  now u s e d  i n  t h e  t r a n s m i s s i o n  of data 
i n  ma.ny areas o f  the w o r l d .  Basic t h e o r j l  of t h e  o p e r a t i o n  of 
f i b e r  o p t i c s  is d i i ; c u s s e d  a . long  w i t h  m e t h o d s  f o r  i m p r o v i n g  
p e r f o r m a n c e  of t h e  a p t i c a l  f i b e r  t h r o i - q h  much r e s e a r c h  a n d  
d 0 5 i  gri . 5 p l  i c:es arid r-onr?ec:tar.; M-E c-mp=lrerl and s h i l r t  hat-1.1 
a n d  l o n g  h a u l  f i b e r  o p t i c  n e t w o r k s  are  d i s c u s s e d .  F i . b e r  
o p t i c s  p l a y s  many r o l e s  i n  t h e  commercial w o r l d .  " l - l - i I . ~  paper 
emphs . r ; i ze s  t h e  ~ t s e  o-F f i b e r  o p t i c s  f :m-  c : i 31~1~1ur7 i , ca t ion  
a p p l i c a t i o n s .  
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INTRODUCTION 
H i s t o r y  a n d  G e n e r a l  I n S o r m a t i o n  
Tel ecommi-tni ca t  i ons has a1 w a y s  r e s e a r c h e d  f o r  n e w  
t e c h n o l o g i e s  w h i c h  c o i t l d  e x p a n d  t r a n s m i s s i o n  c a p a c i t y .  When 
t h e  f i r s t  laser become  a t - e a l i t y  i n  1960 an interest i n  
o p t i c a l  c o m m u n i c a t i o n s  arose. T h e  laser w a 5  seen as  a n  
o p t i c a l  ca r r ie r  on w h i c h  i n f o r m a t i o n  c o u l d  t r a v e l  a t  a n  
iunparal l e l e d  r a t e .  Research h q a n  on t.he br0a.d f r m n t .  I t  
t o o k  t e n  y e a r s  b e f o r e  a r e a l i s t i c ,  law-lass, t r a n s m i s 5 i o n  
medium was p r e s e n t e d .  T h i s  was a d o p e d  h i g h - s i l i c a  o p t i c a l  
f i b e r -  w h i c h  h a d  a l o s s  a+ 20 clB/i::m. C o n t i n u o u s - - w a v e  
o p e r a t i o n  w a s  a c h i e v e d  a t  room t e m p e r a t u r e  i r~ t h e  a1 umi ni!iii- 
g a l  1 i um-ar-E;~?ni d e  semi condwztr:-it- :L at;er 'Ten yea.r-.s mf t -esea t -ch  
made o p t i c a l - f i b e r  c a m m u n i c a t i o n s  2. p r a c t i c a l  t-eal i t y .  ll-iose 
i r i  cor r ,mLir i ica . t iun~~ are cju i n t e r e s t e d  i n  ' t h e  I . J . ~ E  of f i b e t -  
o p t i c s  b e c a u . s e  o f  the h i g h  c a p a c i t y  oS i n f o r m a t i o n  a light 
beam c a n  c a r r y .  
I t  w a s  t e n  y e a r s  ago, i n  19 '77,  t h a t  f i b e r  op t i c . ;  w e r e  
i i - i co rpora .ked  i n  t h e  tcz:lepI-inric? netiwi3r-I:: i n  t h e  !J.S. <g.s a tt-ia.1 
5 i j j c j t e i . n .  I n  1987, a totally n e w  i n d i - t s ~ t r y  has z r i s e n  in l i g h t  
W ~ V P  .kechr7i31 CICJIY i3.1-1~1 I T I ~ : . ; ~  i n d ~ - ~ , s t ~ - i  i3.I I - i t 2 . t i  ~117~3 a r e  hopi 1-19 11~1 
b e n e f  i t f r o m  i ts  r e 5oi-1 r c e s a5 manuf act c!r er 5 a n d  
b e n e f i c i a r i e s .  A d v m c e s  i n  t t i c ;  1 i q h t w a v e  t e c h n o l o g y  s.re 
r e m a r k a b l e .  t l p t i c a l  - f i b e r  can b e  made so  pure  t h a t  l i g h t  
si q n a l  s c a r r y i  rig 1 x g e  amni-wtts o.f i n f  o r - m a t i  (TI c a n  t r a v e l  mot-e 
2 
t h a n  I(:I(:) miles w i t h o u t  b e i n g  a i n p l i f i e d .  T h e  C i b e r s  h a v e  sc!ch 
l i t t l e  v a r i a t i u r i  a c ros s  t h e i r -  d i a m e t e r s  t h a t  1 iqh .k  d n e s  nmt 
r e f l e c t  at- r e f r a r - t  - F r o m  th.-,.r;e C i b e r s  even o v e r  these l o n g  
d i s t a n c e s .  The p u l ? > e s  ~f 1 i g h t  du no t  b e c o m e  d i . s t o r e c l  a f t e r -  
5,uch 1 mig d i s t a n c e s  e i t h e r .  S e n i  i c o n  d CIC t or  c; t r IK t u r  e5 
g e n e r a t e  a n d  d e t e c t  t h e s e  1 i g h t  p c r l s e s  w h i c h  a re  t r a n s m i t t e d  
b y  t h e  f i b e r s .  
L i g h t w a v e  c o m m u n i c a t i o n  i 5  v a s t l y  e - f f e c t i n g  t h e  
t e l e c o m m u n i c a t i o n s  b u s i n e s s .  E x a m p l e s  o f  its USES are i n  t h e  
l u u p  area g o i n g  t u  t h e  cL!st.cmer p r ~ m  
b e t w e e n  c e n t r a l  o f f i c e s  i n  a m e t r o p o l i t a n  r e g i o n ,  : long h a u l  
i n t e r c i t y  a r e n a  and t h e  s u . b m a r i n e  ca .ble  area. OFstir::al C i t t e r  
i. 9 a1 ready I...I-,I..~ inore k h a n  any o t h e r  t y p e  i r i  .tRe.;e areas. 
Other- c~ses are i n  d a t a  1 i n k s  f o r  s m a l  1 h-71-11. nei:.wclrC::s. 
T h e  c u s t o m e r  w i  11 b e n e +  i t- +rim l i g h t w a v e  IlEschF-liL!l c q y  
becauc.e i t  i 5 c u s t - e f f e c t i  VE? arid p r o v i  des a. tsancjwi i j t h  1 
e:.: p e n  s i ve .I: PI a.n ut, I-1 er 1: ei- t i  ri o 1 o g  i es r eq 1-1. i r i n q b an d w .i d 1: t i  . F r  i r- e 
i s 3  no t  t h e  o n l y  f a c t o r .  L i g h t w a v e  caliimi-!niCatinn nc?w a l l o w s  
c o s t - e f f e c t i v e  d i g i t a l  v o i c e  t r - ansmis ; r , im-~  o n  a n  e n d - t a - e n d  
b a s i s .  Be+ore n o w ,  d i g i t a l  v o i c e  t r a n s m i s s i o n  c o u l d  n t l t  
c o m p e t e  w i t h  a n a . l o g  c?n l o n g  h a u l  .;yst.~?iii?s~ C:omrnunici~:tion i n  
t h e  -Forms of : i c s i  ce d a t a  a n d  i mage coi-il cl n!7t be Droc.rghIl 
4: (3 CJ e t 1-1 e r d i. (3 i .t a l 
c o n n e c t . i v i t y ,  many new d i g i t a l  servicesi ar-e a r i s i n g  i n  t h e  
m a r k e t p l a c e .  D i g i t a l  c o n n e c t i v i t y  w i l l  a1 l a w  Customers 
v i r t c m l l y  u n l i m i t e d  b a n d w i d t h  a t  a l o w  p r i c e  a n d  c a n  be u s e d  
i i - I  a v a r i e t y  of  ways. The c:i-.IStnmer w i l l  h a v e  t h e  f : Ie : . : i ts le  
r) n o n e i.-i. n :i ‘i/ e I;- 5 a :l is .I.: I -  F” a ( ~ i  B !“I e .I- 
3 
C a p a b i l i t y  of m c l n i t o r i n g  a n d  r e c o n f i g u r i n g  d e d i c a t e d  pai-1:s of 
t h e  network:: t h e m s e l v e s .  Lightwa.;e t e c h n o : l  o g y  I-cai.; r - e a c h e d  
m a t u r i t y .  S o c i e t y  may be n e a r i n g  a n  era. o f  I!ni versa1 
I n f m - m a t i o n  Serv ices.  cil 1 p r a r t i c a l  pci.rposc2s whic:h u t i  1 i z e  
1 i g h t  s o u r c e s  h a v e  s p e c t r a l  p u r i  t y  t h a t  d o e s n  ' t  compare t a  
t h e  s p e c t r a l  p u r i t y  of r a d i i J  c a r r i e r  waves.  B u t  t h o s e  
soi-wces are n o t  t u n a b l e  l i k e  r ad io  o s c i l l a t o r s  may b e  t u n e d .  
T e c h n o l o g y  p r o m i s e s  h i g h e r  receiver s e n s i t i v i t y  a n d  a n  
e f f i c i e n t  m e a n s  for c h a n n e l  s e l e c t i o n  i n  d e n s e l y  p a c k e d  
w a v ~ f  @I-~gth-mul. t i 121. clxed s y s t ~ m s .  
B a s i c  T h e o r y  
4 
A rc3.y i 2 . F  1 i g h t  j.ri:;iide a f i b e r  has 1:al:al i n t e r - n a l  
r e f  l e c t i n n  when at t h e  boundary b e t w e e n  two d i e l e c t r i c  m e d i a  
(an c2pt i i :a l  f i G e r )  , Snel l  '5 Law aid.; i n  t h e  calculation o+ 
t h e  c r i t i c a l  a n g l e  f o r  i n t e r n a l  r e f  l e c t i o n  w h i c h  exists 
i n s i d e  art o p t i c a l  f i b e r .  S n e l l ' s  L-aw states: 
n, s i n e ,  = n , s i n  eZ 
w h e r e :  
n, = t h e  i n d e x  of r e - f r a c t i o n  f o r  medium o n e  
ns  = t h e  i n d e x  of  r e f t - ac t ion  f o r  medium t w o  
e, = t h e  a n g l e  of  t h e  r a y  away  f r o m  inedj.iu* onp w i t h  
r e s p e c t  t o  the nillrnia.1 
0~ = t h e  a n g l e  o f  t h e  ray a w a y  f r o m  mediwn t w o  w i t h  
t - e s p e c t  t o  t h e  rrc?rmal 
T h e  c r i t i c a 1 an J 1 e .f. or ref 1 ec t i on is d e r i v e d  - f rCi i r i  Sncrll. ' , s  
l . ~ w  by setting equal t o  ii.nity i:n i rche ive :  
nz 'n  I z j i  n S, := 
!See A p p e n d i x  G a n  p i c t u r e s  o.f r - e + l e c t i ~ i 7 5  i n  f i b e r  C?p'tics;) 
R e t  t er i n g t ti e S p e c  i f: i c a t  i nn 5 .f: mi-- CIp t 1. c a l 1"' :i. b er 
, , ' .  5 
d e c i b e l s  pet- k i  lometer .  Thrnl-igh much research  a wavelength 
range nf between 1 . 3  and 1.5 micrometers wa.; achieved w i t h  a 
t r a n s i n i s s i i ~ r i  1 0 ~ ; s  04 0.5 dB/l::m i n  t h e  optic1a.l m c i . l t i m c , d e  
f i b e r .  These systems operated a t  a r a t e  o f  t-1.p t c s  2OCt M b / s .  
fit wavelengths near ing  1.. 3 micrometers t h e  pi- i .1~~1 
spreading d u e  t o  t h e  m a t e r i a l  and waveguide e f f e c t s  
(chromat ic  d i s p e r s i o n )  i s  a t  a minimum i n  t h e  f i b e r .  T h i s  
a l l o w s  t ransmiss ion  t o  b e  achieved over l o n g  d i s tances  and a t  
v e r y  f a s t  r a t e s .  I n  surne a p p l i c a t i o n s  l i g h t  e m i t t i n g  d iodss  
!LED) are p r e f e r r e d  c)ver 1a.set-.; hEral-!c;E? D f  t h e i r  g rea t  
r e l i a b i l i t y ,  lower cos t  and less s e n s i t i v i t y  t u  v a r i a t i c m  i n  
temperature.  For example, data l i n k s  might  ~ i s e  LEU'.; over 
l a s e r - s .  Using t h e  1.3 microme.ter t r a n s i i i s s i o n  window 3.1 lows 
t h e  use o f  LED's i n s t e a d  OS lasers. 
Advaricisments were then  made to i inprctve the :L ::5 -- 1 5 
micrometers w a v e 1  ength and 0.5 dB/C::ni t ra l - isni ission liJs:i i n  
mi-il t i  i i i u d ~  .F i tjet-5 ai: a. mega.l?ii I: per  ,zei:i:>niJ rate OS 20!:). 'T' h e 
systems now opera te  at a r a t e  a+ eseveral hiindt-ecl inegahit.s per  
s e c ~ n d  and can be i-I.pgraded t o  beyond one g i g a b i t  per  second. 
The repeatet- spans of  these s\/steri.; can exceed 40 km. These 
oper-a.te at 1 3 iiii cr-i>metet- wa.v~.l erigtl-ls 'I aice 1 aset--b.li:;ed and 
i-t~e s i  179 l e  mode 5;ystem?; E SI-I.L~I s)/Fjl:eriis :tt-'e ~ i ~ ; e d  i:oiyifl\<?lpc: i al 1 y 
::: i~ I:! 3.y .f: or 1 12 n g I-i a. I! :I i:! p er- a.k. i 1 r-1:; i ri c 1 qj i 11 q i r i  t e I;' c: i t. \i/ i:i.Ii d 
i n t e r c o n t i n e n t a l  servicec,. 
Laborat.ory research  i n  1 igh'twave systems 1 -~i s,eel.::i nq t.he 
( so te r i t i a l  o f  1ow--Iu~='1s, ~r;inrJle-m:3de . f ibers .  Ai: wavelengths w f  
1.57 micrometers a minimum l .oss of 0 . l . h  i::lI3/kin has been 
6 
a t t a . i n e d .  T h i s  is close t o  t h e  t h e o r e t i c a l  l i m i t  of  R a y l e i g h  
Scat t er i n g  L1 Ray I. ei g h Scat t er i n g  desct- i  bes e l a s t i c a l l y  
s c a t t e r i n g  ai: 1 i g h t  t h a t  17~1cju.l ts f r o m  v a r i o u s  n n n p r o p a g a t i n g  
f l u c t u a t i o n s  i n  t h e  material '.s i n d e x  o f  r e f r a c t i o n .  On t h e  
c o n t r a r y ,  B r i  l l o i i i n  S c a t t e r i n g  desx r -1  b e s  i n e l  a s t  i c a l l  y 
s c a t t e r i n g  o f  l i g h t  t h a t  r e s u l t s  f r o m  t h e  i n t e r a c t i o n  o f  
l i g h t  a n d  t h e  thet- ioal  m a t i a n  0.6 i o n s  (scrund waves)  ,, Very 
l i t t l e  R a y l e i g h  S c a t t e r i n g  was e x p e c t e d  t o  o c c u r  i n  s i n g l e  
c r y s t a l  materials. However, becai-i.se o f  t h e  r e s idu . a .1  s t r a . i n  
a n d  g r a i n  b o u n d a r i e s  re1 a t e d  t n  t h e  h o t - p r e s s - + o r u e  s u c h  
s i n g l e  c r y s t a l  inater ia ls  p r od c1.c e d 1 a r g e t -  a m o u n t s  o f  
s c a t t e r i  ng  
U e s i  g n  a n d  Ferf!:w-irianr:e 
O p t i c a l  s t a t i c  wire ha.s become a n  i r i c r e a s i . r i g I . y  p o p u l a r  
i t e m  i n  p r o v i d i n g  o p t i c a l  c o m m u n i c a t i o n  1 ir-i!.::zi a l a r i g  i...ti:i I i t y  
r i g h t - o f - w a y s .  T h i s  w i r e  i s  u.s@d i n  p l a c e  ot: yt-ound w i r e r ;  1x17 
t h e  o v e r h e a d  p o w e r  t r a n s m i s s i n n  l i n e s -  Thei-e are ina.ny 
d e c i s i o n s  t h a t  must :  tie c c j n s i d e r e d  when deE; iqn ing  s u c h  a 
r:able.  T h e  most impor-tan% d e s i  g n  featci.res inc::l.ude: op1:ii:al 
a t t e n u a t i o n  e n v i  r o n m w i t a l  zt-abi 1 i t i /  '1 iTiSchan1 ca l  p i - o t e c t i  on , 
!I ab 1 (L. 11 and 1 i 17 g a n d  f i t3 e r -  q:~ 1 i c i 1-1 12 . 
T h e  w i r e  is s ; u b j e c ' t e d  t o  a wide t e m p e r a t u r e  range a s  
w e l l  as a t m u s p h e r i c  c:anditiun?s.  'The core m u s t :  be a b l e  t o  
w i t h s t a n d  el ements and t h e  matet-i 3.1 s u s e d  must w i  t h s t a n d  
t e m p e r a t u r e s  b e t w e e n  --40 to 7 1 5  d e g r e e s  ce lc i  uzi 3.5 w e 1  1 a55 
t e m p e r a t u r e s  a t  250 d e g r e e s  celciirs f o r  br ie . f  p e r i o d s  d u e  t o  
1 i g h t e n i n g .  'The cab le  crses tjl-[+ f er t u b e s  inade of 
f l u o r o p a l y m e r  w i t h  a f l e x i b l e  s i l i c o n e  g e l  fot-  w i t h s t a n d i n g  
t 1-1 e et.: tr r erne 1: ~ ' m p  er a t  t-m- es ,, 
S u c h  a c a b l e  m u s t  be a b l e  t u  p r n t e c t  t h e  o p t i c a l  f i b e r s .  
There is a d e s i g n  f??r t h e  c7pt ica . l  s t s . t i c  w i r e  w h i c h  uses a 
c h a n n e l l e d  r o d  w h i c h  h o u s e s  t h e  . f i b e r s .  T h i s  p i p e  m u s t  h a v e  
s i g n i f i c a n t  c r u s h  s t r e n g t h .  T h e  stress a n  t h e  f i b e r -  m u 5 t  b e  
k e p t  a t  a c c e p t a b l e  l e v e l s  t o  a l low t h e  l o n g e v i t y  i n  a c a b l e  
t o  b e  a r e a l i t y .  O p t i c a l  f i b e r s  may be Ioose b r r - f f ~ r e d  at- 
t i g h t  b u f f e r e d .  Loose buf1:ered  fibers w i l l  b e  d i s c u s s e d  
b r i e f l y  h e r e .  Loose br.r+fer-eij t j e s ignc -  p l a c e  t h e  . ; i n a l l  S i b e r  
i n  a much l a r g e r  b u . f + e r  ti-ibe. I hese .F i bet-:+ a t - e  c o a t e d  t o  
m a k e  its d i  aineter 25C? m i c r o n r , .  L o o s e  b u f f e r e d  d e z ; i  gn.; h a v e  
t h e  p u t e n t i a l  fot- an elonqation w i n d a w  becaus;e o-f the s p a c i n g  
b e t w e e n  t h e  t:i-i.be w a l  1 a n d  t h e  .f: i her- A n  elc?nga!-.t on y i  i-~dow is 
the a l l t z w a b l e  c a b l e  s t r e n g t h  b e f o r e  t h e r e  is an increa5e  i n  
f i b e r  s t r a i n . ,  ' T h e  e l a n g a t i t x i  window allows f a r  e1.onga.tian 
- -  
caused b y  t e n s i l e  l o a d i n g  a n d  ccmtt-action a t  1 ow 
t e m p e r a t u r e s .  3s t h e  tube i ?; s t r a i3c l ed  i n  a h e 1  i:.r t h e  f: i bet- 
c a n  move r a d i a l  1 y a:; the cat2:l.e c o n t r a c : : t s  o r  becctrnes 1 .n r i~~er .  
T h i s  m e t h o d  prevents axia l  s t r a i n  o n  t h e  + i t i e r .  '1- 1-1 e m e>. , j c? r 
p o r t i u n  o f  t h e  s t r e n g t h  134: t h e  cab1.e cr-i~llec; f i - o m  li5.k 3. n c ia  I-' d 
i3 . l  I-tirii i7irm c l a d  istee1 w i  p-r=.ij  pjl-ii XI-I a re  :i;t:r-arided m - ~ ~ ~ . I ~ c l  t h e
c h a n n e l  1 e d  r o d  j/ 
Up t i cal St a% i c I4 i I- e 
cab 1 E? d i a.meter : 0 507 i n . 
c a b l e  w e i g h t :  0.352 1 b . P i f ' t  
t - a t e d  break:: s t r e n g t h  I R E S )  : 1?33C) 1 b f  
+ a u l t  ci-tt-rent c a p a c i t y :  6 5  I::A ( sqc tar -ed)  -- s e c o n d i s  
f i b e t -  c a p a c i t y :  2 - 12 
(See A p p e n d i x  E f o r  mire d e s c r i p t i o n  a n  v a r i o u s  C i b e r  o p t i c  
c a . b l e s  a n d  o t h e r  f i b e r  aptic e q u i p m e n t )  = 
Loss a n d  d i s p e r s i o n  are  t h e  m a i n  i n f l u e n c e s  t h a t  c o n t r o l  
t h e  p e r S o r m a n c e  o f  h i g h - b i t - r a t e  l i g h t w a v e  s y s t e m s .  Lnw 
d i s p e r s i o n  means h i g h e r  b a n d w i d t h .  T h e r e  exist5 a l o w e t -  
t r a n s m i s s i o n  l ass  i n  t h e  s i n g l e - m a d e  f i b e r s  a s  oopoc;ed t n  t h e  
m u l t i m o d e  f i b e r s .  T h i s  is b e c a u s e  s i n g l e - m o d e  f i b e r s  h a v e  a 
lcmer i n t r i n s i c  l o s s  d u e  to R a y l e i g h  5 c a : t t e r i n g  b e c a u s e  t h e i r  
d o p a n t  c o n c e n t r a t i o n  i 5 1 crwer i r7 the cot-e. I ? i  s p e t - s i  a n  i r i  
~ ing l .e : - rn~xle  f i b w - 5  ucci-tr-s b ec ai.-( 5 E 5 p ec t t- a i I: o q . 3  el-1 t 5 
r a d i a t i n g  f:t-om a n  o p t i c a l  source t ravel  rill t h  d i f f e r e n t  gt-~t-t.p 
v @ l o c i t . i e c ;  i n  3. f i b e t -  and 1:herefiJt-C: a.r-t-ive at rJi+ferizi-i2: l : i[n~fs 
a t  t h e  r J u t p u t  = D i s p e r s i o n  e f d e c t s  broaden t h e  w : i . d t h  of: 
13~11 ses 3.:; t h e y  pr!spa.gate ~i1.0ng 3. + i be t - .  T h e  per-for-iiianc.e 
d e g r a d e s  i S  t h e  d i s t o r e d  o u t p u t  o v e r l a p s  a d j a c e n t  t i m e  s l o t s .  
B u t  r ; i ng le -mode  .f iber i -?  at-e n o t  t-ea1 :Ly "sI.nc~:Lc..-mr~de". 
T h e y  a r e  ac tua l  1.y biirictdal d u e  t.o t h e  p r e s e n c e  o f  
t 3 i  iri..fv-ingeiiil:e. 
F i r e C r i n g e n c e  is t h e  r e f r a c t i o n  o+ 1 i g P t  i n  twr:) ::,:I. i g t i t l y  
cjj.ffer-er-t.k. dir-eC: ' t iC)ns 110 f g r [ ~ ~  t w o  r-ay:i;. 1.1: T \ ~ ! l ' i \ i ~ . l  foe.. 
s i n g l e  mode o p t i c  f ibe i -  t o  p r o p a g a t e  two  + u n d a m e n t a l  modes  
w i t h  ur thugonal  p o l a r i z a t i m n s .  B e t w e e n  t w o  d i r - e c t i o n s  (:.i and 
y )  t h e r e  i 5  d i f f e r e n c e  i n  t h e  p r o p a g a t i o n  c o n s t a n t s ,  [E{x-Ey),  
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w h i c h  d e f i n e s  a modal hi i -eS: r - ingence ,  F := (Et:--By) / {2V,'h)= h/L- 
ancl a beat  l e n g t h  L f o r  w a v ~ l e n g t h  A .  
H i g h l y  t : , i re+v- ingen . t  + i l ~ e r s  c a n  mairitaii-I a g i v e n  rnocle a# 
l i n e a r  p o l i z a r i z a t i o n s  over l e n g t h e n e d  d i s t a n c e s .  Moderate 
b i r e f r - i n g e n e e  a l  10465 o r t h o g c t n a l  modes to b e  coc rp led  b y  
f r e q u e n t  d i sarders  c a u s e d  b y  e n v i r o n m e n t a l  b u i  1 t - i n  f a c t o r s ,  
Low b i r e f r i n g e n c e  c a n  m a i n t a i n  p a l a r - i x a . t i a n  and.Jur- a1 law 
Faraday r o t a t i o n  by  m a g n e t i c  f i e l d s  t o  b e  o b s e r v e d  i f  n u  
o u t s i d e  d i s o r d e r s  a r e  a l l o w e d .  
Manirf a c t u r i  n g  T e c h n i q u e s  
10 
11 
for h i g h - c a p a c i t y ,  l o n g - h a u l  , nieirropol  i t a n  ii-ltet-.n+f ice and 
s u b s c r i b e r  l o n p  f eede t -  .;y.;izem-,. ..f‘Fli fljppt-essed-i-l a d d l  r-lq 
s i n g l e - m o d e  + iber  p r o v i d e s  lctl;.! i n t t - i n s i c  Loss h i g h  b a n d w i d t h  
1uw s p l i c e  li3ss and a h i q h  r-e+5isi:s,nce t n  m a c r o b e n d i n g  a n d  
m i c r o b e n d i n g - i n d u c e d  ltxsses;. 
CI a p l  ices a n d  G o n n e c t u r r ,  
are ucred t o  m i n i m i z e  p a t h  10s.;. t-ICI!A!c?VE?r i n I oop 
d i s t r i b u t i o n  networks9 ea-;y c a b l e  i i a n d l i r i g  and r a p i d  5:pl i c i n g  
ar-e e s 5 e n t  i a1 m 
f requ .en t .1  y i l i  sr-onnected and re j o i  nerl. b.hen r-eioi ned ., .:iipl i CE!S 
h a v e  t o  be r e p l a c e d  o.f m a t c h i n g  g e l s  or .s.dliesives a n d  maybe 
t 
. .  12 
m e c h a n i c a l  joj. n:i. rig. Both m e t h o d s  i n v o l v e  t h r e e  basfic steps: 
1 F i b e r  end F i r - e p a r a t i  o n  'i 2) A:l i ~rJnmerit o.f the ii i tiers nnd 3) 
R e t e n t i o n  of t h e  f i b e r s  i n  t h e  a l i g n e d  p o s i t . i c l n .  
. .  A r c  f u s i o n  i!ii one method .F!x- ' ; p i ~ . c i r i ~  o p t i c a l  + i b s r s .  
I n  t h i s  p r o c e s s ,  t h e  f i b e r  e n d s  are 5 e v e r e d  a n d  a l i g n e d  a n d  
t h e n  melted a n d  fused  to t -Eta in  t h e  a . l i y n m ~ m t .  Fix- a. s i n g l E -  
mode - f u s i o n  p r o c e 5 5 ,  t h e  f i b e r s  are a l i g n e d  w i t h  x-y 
m i c r o p o s i t i o n e r - s .  These m i c r o p o s i t i o n e r s  are d r i v e n  b y  a 
f e e d b a c k  s i g n a l  w h i c h  p e a k s  t h e  t r a n s m i s s i o n  o.f: t h e  s p l i c e .  
T h e  q u a l i t y  a+ t h e  s p l i c e  is st i l l  vulnerable t o  var i .a t inn  
when t h e  e x e c u t i o n  of t h o s e  t h r e e  b a s i c  s t e p s  i 5  c a r r i e d  ni-i.t. 
E r t v i r o n i i i ~ e n t a l  c o n d i t i a n s  cam Ipt-nviz u n f  a.vot-able 3.5 win1 1 i n  t h e  
accuracy of t h e  s p l  i c e .  
P l e c h a n i c a l  s p l i c i n g  i s  anclther m e t h o d  f o r  s p l i c i n g  
c i p t i c a l  .f i b e r - s .  I n  Wiir3 ti~r=tliod t h e  gu~:~und arid p a l  i shed encjs 
are a1 i g n e d  .and t.her-1 b~i.tter-l together w i  t h  a i i t c \ . t ch i  ng gel n t -  
i:ypse i3.f adl- les i  ye ts-gi::2qe.efi .tI-le 2rid%z= TI-le (3.1 iyiiinert.k o+ ,the 
f i bei-s i 5 d m i e  m e c h a n i c a l  1 y .  U s i  ng the p r o p e r  g e l  5 and 
a d h e s i v e s  r e f  1 ec:tionr, caused .f ram t h E  f i bet- end  faces  cam be 

i 1-1 a c y 1  i ncler- o r -  cone  much I a r g e r -  .tIiai-~ i 1:s d i  <+iTietet- "rhe 
j o i n i n g  12f t h e  f i b e r s  is d o n e  b y  a l i g n i n g  t he  two l a r g e r  
o b j e c t s .  T h e  F e r r c r l e 5  are a1 i g n e d  i i - l s t ead  u.f: . t h e  fibers. 
E:.: panded--beam connec tor s, c u l l  i m a t e  the rays o f  
c o n r r e c t i  ny f i berc;  .thi!s c r e a t i n g  [:are d i  ametet-.t? to becairie much 
l a r g e r  t h a n  .the d i a m e t e r  c ~ f  t h e  f i b e r -  i t s e 1 . S .  1-h .T. y t- pd i-i,c e 
t h e  af.fec+:s US r a d i a l  m i s a l i g n m e n t  and endfs.ce c a n t a m i n a t i ~ ~ n .  
However, t h e y  are  mare r;it-;ceptive to a n g u l a r  m i s a l i g n m e n t .  
Sham-t H a u l  Networks ( D a t a  Links) 
LONG CiAUL NET'WUF7t::S 
Oeve lupmen t .  o f  F i b e r  C lp t i c  E r g a d b a n d  I n t e r a c t i v e  U i s t t - i b i i t i v e  
N e t w o r k : :  (FOBID) 
t h e  s u b s c r i  b e r  '5 r e q u e s t  t h e  SEL w i  11 select an a r b i t r a r y  
broadbmcl  c h a n n e l  ! W )  Thic,  is il-lone throc1.gi-i a zigna.l i n g  p a t h  
(D) from many b r o a d b a n d  s o u r c e s  p r o v i d e d  by many a y e r a t o r  
i:entt.t-s. Eroadba .nd  "z.Cjt.t.r-ces c-ln hcil d h(l tzha.nne:l s a n d  ei ght  
o p e r a t o r 5  ca.n b e  c o n n e c t e d  t o  t h i s  n e t w o r k .  A twlx--way d a t a  
c h a t i n e l  1xa.n b e  ~-i.sed when nece:s.sa.ry tjetWFjen thi:. c lpe t - a to r  
c e n t e r  a n d  e a c h  s ~ t b s c r i  h e r .  
FXNET: k B a c k b o n e  Rintj of V o i c e  a n d  Data 
campus or  metrc?pr~:l i t a n  area. I t  also p r o v i d e s  h i g h  
b a n d w i d t h  i n t e r c o n n e c t i  on t o  mai nfi-ame c o m p u t e r s  t o  shat-szd 
r e s o u r c e s  a n d  t n  w a r k s t ? t i  1x5 ., 1 i C:e C A D  w o r  I.: z,tati a n 5  , t h a t  
r e q u i r e  more b a n d w i d t h  t h a n  is p r o v i d e d  on n c i r m a l  I - M ~ ' s .  
T h i s  is c o s t  z S + e : t i v e  t o  h a w  a s i n g l e  bacC::bm-ie . f a c i l i t y  
w h i c h  c a n  h a . n d l e  b o t h  voice a n d  da t a  i n s t e a d  of: s e p a r a t e  
f a c i l i t i e s  f o r  e a c h  s e r v i c e .  
FXNET is a n  a c t i v e  f i b e r  o p t i c  r i n g  t h a t  o p ~ t - a t e s  a t  a 
f r e q u e n c y  o f  160 IYHz arid g i v e 5  a data rate OC B ( l P l B / ~ j e C ~  An 
active r i n 3  w i t h  3. single l i n k  c o n r ! e c t i n g  each e;tatim EE?ZW~, 
t h a t  a l l  s t a t i o n s  a n d  l i n k s  ~ L . I . s . ~  be o p e r a t i a n a l  ur t h e  k4hole 
r i n g  i s  b r o u g h t  down. A bypass o p e r a t i o n  ha5 been 5tudied 
wt-iere each stat i c3n h a s  pr-i tnary a,nd b'Ypas5 1 i n k s .  T h e  t~ypa. .%s 
l i n k s  a.re u.;ed t o  t.C::ip a s t a t i o n  and g o  an t o  t h e  n e x t .  
f i n o t h e r  idea i s  t n  I J ~ E  dctal l i n k s a  T h e  S?eCorti_l I i r i k  WQL~:! d 
c a r r y  a s i g n a l  i n  t h e  opposite t 3 i r ec t iu r - t  .to t h e  + i t - c , t  : l i n k e  
Pr-esent ly,  ii: is r-1lfi.k i n t e n d e d  f i j t -  F)(I;IET .I:Q tje ~:i-(ppl  i e d  
t a  e v e r y  p e r s o n .  F F X  '5 I n t e y r a t e d  LCil\li'F:'BX '5 arid n o r m a l  
(lower speed) L - A N ' s  w i l  1 per fo rm t h e  e n d - u s e r  d i s t t - i b u t i u n  a f  
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suf f i r i e n t .  I-iuwever , mm-e suphi s t i c a t e d  tnethcjds are rteeded 
when t h e  nv.mber uf resc3u.rc:es arid t he  number of. people needing 
'ko i-i.13~-1) those r ~ s c J l - l . r r : E ? 5  hecames v e r y  1 ars!?. 
T h e  coinmunir3a.ticm needs of many o r g a n i z a t i o n s  c l u s e l y  
m a t c h  ~I-IE? FXNET network b r i e + l y  disct- ibed. 'Thanks t o  f i b e r  
o p t i c s  s u c h  a network i s  possib1.e. 
F i b e r  D i  5tr i b i t t e d  Data 1ntw-f ace (FDDI 1 
19  
iOc>dt? f 1. hers a]. l ow 1 t?nqthEj of up t u  40 C::m w i  1:hou.t spl i c:i ng a n d  
they are more s u i t e d  f r o  LED '=,ourcES. SfrEFiped i n d e x  a n d  
g r a d e d  i n d e x  are marc :xti+:cd $ai#- USE w i t h  lazer- 1 i g h t .  
T h e  purpnse ijf t h e  F D D I  s p e c i + i c a t i o n  i f ;  t o  l e t  . t h e  
media car-r-y d a t a .  t-lowevor, FDDI i s n  ' t  . t h e  o n l y  f iI3ot- o p . t i c  
s o l u t i o n .  Many r ~ f l q ~ a n i e s  u t i l i z e  + i b e r  o p t i c  r e p l a c e m e n t s  
fur- t w i s t e d  p a i r -  a n d  coax. C?rteZ C o m m u n i c a t i o n s  u t i l i z e s  a 
network:: c a l l e d  F i b e r w a y .  F i b e r w a y  is a I ( : ) O - - P l b i t / s  + i b e r u p t i c  
. .  20 
Summary 
When d e a l i n g  w i t h  f i b e t -  o p t i c s  i t  is i m p o r t a n t  t o  k e e p  
i n  mind  many d i f  f w e n t  area's. U n d e r s t a n d i  1 - i ~  the tt7eoi-r 
b e h i n d  t h e  o p e r a t i o n  o f  o p t i c a l  f i b e t -  is v e r y  i m p o r t a n t  i f  
i m p r o v e m e n t s  are t o  b e  r e a l i z e d .  The system can be made mare 
e f f i c i e n t  b y  i m p r o v i n g  t h e  s p e c i f i c a t i o n s ,  d e s i g n ,  a n d  
m a n u f a . c t u r i n g  a f  .the u p t i  ca1 f i h e r .  Today f ilser u p t i c s  is 
u t i  1 i z e d  i n  many d i f f  e r e n t  t y p e s  a f  c o m m u n i c a t i o n  n e k w o r k s  a5 
w e 1  1 as  other arears ciC t h e  i-ommerci a1 w a r  1 d. O p t i  cal f i her- 
is b e i n g  i m p r o v e d  c a u s i n g  i t ' s  f u t u r e  t o  1ooC:: p r o n i i s i n q .  I t  
seems t h a t  i r i d u s t r - i  a1 uses f cjr- f j, t i e r -  wi 11 b e  vm-y w i  d e ~ p ~ - e a d  j. 
* . .  . .  21 
C o n c l u s i o n s  
The f i e l d  o f  F i b e r  Clp t ic r ,  ha5 come a l c r t q  way. R e s e a r c h  
b e g a n  c lose t o  t e n  years  ago i n t o  t h e  d e \ ~ e l o p i n e n t  o f  o p t i c a l  
f i be r s  f o r  t h e  t r a n s m i s s i o n  of i n f o r m a t i o n .  A f t e r  many y e a r s  
of  r e s e a r c h  materials were d e v e l o p e d ,  a s  were methmls r e v i s e d  
t o  k e e p  b e t t e r i n g  t h e  f i b e r  o p t i c  5 p e c i f i c a t i o n s .  P r e s e n t l y ,  
f i b e r  o p t i c s  is n o t  o n l y  a r e a l i t y ,  b u t  a p r a c t i c a . 1  r e a l i t y .  
F i . h e r  o p t i c s  i s  r-rsed in many asper t r  nS the cammerri.3.l ~ o r l d ,  
I n  p a r t i c u l a r  i t  i s  !ised f a r  c o m m u n i c a t i o n s .  V a s t  amrxcnts  o f  
i n f o r m a t i o n  can b e  sent i n  a p u l s e  of l i y h t ,  through o p t i c a l  
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Fig. 3 The passage of two parallel light rays through an optical fibre, where the number 
of reflections differs by one. 
Fig. 22 Projection of the paths of skew rays in optical fibres of square and hexagonal 
cross-sections on to a plane normal to the fibre axis. 
Fig. 18 
iixis. 
Projection of the path of a typical skew ray on ;I plane normal to the fibre 
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Fig. I5 
optical fibre. 
Representation of the passage of a typical meridional ray through a conical 
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Common Purpose Loose Buffer Cables 
Our common purpose cables utilize a loose buffer tube con- 
struction and are suitable for indoor installation in duct, tray 
or conduit. The individual fibers are enclosed in plastic buffer 
tubes. This minimizes the cable's attenuation losses caused 
by microbending or expansion and contraction. 
In the single fiber and duplex cables, the buffer tubes are 
covered with a Kevlar' braid either 8 or 16 ends, which pro- 
vides the load bearing support for the cable. An outer jacket 
of PVC is extruded over the braided buffer tubes to provide a 
durable, yet flexible cable for duct, tray or conduit installation. 
The multifiber cable configuration consists of 4, 6, 8, 10, 12, 
or 18 optical fibers enclosed in individual colorcoded buffer 
tubes stranded around a dielectric strength member. The 
@ Single Fiber 
Buffer 
Coating , 
Fiber Kevlar Jacket 
Buffer 
Coating , 
8 Duplex 
strength member consists of multiple strands of Kevlar'. A 
mylar polyester tape is wrapped around the tubed cable core 
assembly to maintain the alignment of the tubes and a r i p  
cord is added to the stranded cable core to permit easy ac- 
cess to the individual fiber tubes for connecting and splicing. 
An outer jacket or tiame retardant PVC is applied to provide 
environmental and installation protection or duct, tray and 
conduit applications. 
General purpose cables are all dielectric and pass the U.L. 
VW-1 flame test. They exhibit stable optical performance 
characteristics over the entire range of -10 to 50C 
(+ 14F to 1229. 
Multifiber 
, Kevlar Fiber 
Fiber Kevlar Jacket 
Tight Buffered Cables 
A rugged tight buffered construction offers outstanding cost- 
effective trade-offs with conventional wire and coax for com- 
puter, instrumentation and control applications. 
These constructions were designed for indoor installation in 
tray or conduit. This construction is ideally suited for shorter 
transmission distances where flexibility, crush resistance and 
light weight are key selection criteria. 
These products have been designed to conform to the 
mechanical and optical specifications of DOD-C85045. 
The cables utilize the tight buffer style of construction where 
an additional jacket of TPE plastic is extruded directly over 
the optical fiber to provide added crush and impact resistance. 
In the single and duplex cables, the TPE buffered fiber is 
COnCentriCally surrounded by a serving of Kevlar' yarn for 
Strength 
Member Buffer Inner Outer 
CoatW Jacket Jacket 
addded tensile strength and protection. An outer jacket of 
flame-retardant polyurethane completes the cable structure. 
The duplex cable is a figure 8 or zip-cord type construction 
for easy termination with single channel optic connectors. 
The multifiber construction consist of 4, 6 or 8 TPE jacketed 
fibers stranded around a central stabilization member, an in- 
ner jacket of polyurethane encased in a braid of Kevlar. yarns 
and an outer polyurethane jacket. The stabilization (strength) 
member is either fiberglass epoxy rod or steel, depending 
upon the requirement of the installation for additional 
strength or all dielectric construction. 
Inner 
Jacket 
Buffer 
Fiber Tube Kevlar Kevlar 
Multipurpose Cables 
Outer 
Jacket 
The multipurpose high performance cables usigned .Jr com- 
bination indoor and outdoor applications, especially where a 
broad operating temperature range, 4 0 %  to 800C (. 40OF to 
17606, is required. The cables are all dielectric and are 
available with two different jacket constructions for use in 
aerial, direct burial, duct or conduit installation. 
The basic cable configuration consists of two optical fibers 
enclosed in individual color-coded, gel-filled buffer tubes 
stranded with a third empty tube or filler member. A mylar 
polyester tape is wrapped around the cable core-which is 
then encased by a braid of Kevlar' The Kevlar. braid serves 
as the longitudinal strength member for the cable. 
FIBER HELIX DIAYETER=*D" 
CABLE 
C 0 NTR4CTION 
CABLE 
ELONGATION 
Buffer 
Fiber Tube Kevlar Jacket 
Two different jacket constructions are offered, depending 
upon installation requirements. 
The cable with PVC outer jackets are compounded of black 
flame-retardant PVC which meet the U.L. VW-1 flame test for 
duct, tray and conduit installations. 
Tha PE jicketed cables have an inner PVC jacket, a second 
Kevlar. braid and an outside jacket of black polyethylene. 
This cable is well suited for combination indoorloutdoor 
applications where aerial (lashed), direct burial and duct 
installation will be required. 
140 NM BlCONlC CONNECTORS 
A biconic connector which is compatible 
to AT&PM series 1006A connector 
group. Used on 100/140 micron fiber. 
SHE 6339106 (Black) 
BlCONlC TO BlCONlC 140 
Duplex fiber optic pre-assembled multimode 100/140 Duplex cable using four 
color coded (transmit-receive) biconic connectors. Used with the IBM token 
ring or IBM cabling system products, IBM 8219 repeater. - - 
SHE 6165812 
SHE 6165813 
Pre-Assembled PVC 1001140 Duplex 8 ft. 
Pre-Assembled PVC 1001140 Duplex 30 ft. 
FIBER OPTIC 8 PORT MULTIPLEXER 
This Multiplexer is ideal for in-house data transmission where you have 
clustered terminal situations. It delivers eight full duplex ports capable of 
moving up to 19.2K bps in either synchronous or asynchronous modes, 
without using flow control or buffering techniques, resulting in absolute 
minimum throughput delay. Aggregate speed is 160K bps. Each port on the 
multiplexer is fully independent, allowing mode (synchronous or asynchronous) 
mixing. There are five switch-selectable synchronous data rates per channel. 
The FMX2006 is an eight channel communications system, that provides links 
using one optical cable interface. Fiber optic cable offers complete immunity to 
EMI/RFI interference problems for secure data transmission in noisy en- 
vironments. Status indicators show the activity of each channel and the integrii 
of the link. If a problem develops, you can select a digital loopback for any 
channel at both ends of the link without interrupting the data flow on the other 
seven channels. If transmission line problems are suspected, an analog loop 
back can be selected and the cable will be included in the test loop. Maximum 
operating distance is 6600 feet (2Km). UL and CSA listed. Meets FCC 
requirements of class A, part 15 computing device standard. 
BlCONlC MULTIMODE 
BULKHEAD ADAPTER 
A biconic multimode bulkhead or in line 
adapter. Used to splice two assembled 
biconic terminated cables together. Also 
used when testing an unknown cable 
assembly. 
SHE 5454617 
SPECIFICATIONS: 
OPERATION MODE: Asynchronous or synchronous, 
simplex or full duplex. 
Less than 12.5% 
INPUTlOUTPUT INTERFACE: RS-232-C, to 19.2K bps 
PHASE DISTORTION: 
RTSKTS DELAY TIME: 0 
OPTICAL POWER INTO 300 
MICRON CORE FIBER: 400 microwatts 
TRANSMISSION WAVELENGTH: 820 nanometers 
OPTICAL CONNECTOR: 
SHE FMX2006 
SMA or AMP Optimate connector 
receptacle 
8 Port Fiber Optic Multiplexer 
COAX TO FIBER OPTIC MODEM 
The FMD2870 is designed to work with 93 ohm coaxial cable, (RG 62/U type) 
used by IBM in SNA environments. It is ideally suited to replace coaxial cable 
between IBM 3274, and 3276 Controllers and 3278 terminals. It can also be 
used between IBM 3299 multiplexer and remote multiplexer. The normal 
operating data rate is 2.35 MBps. 
The FMD2870 is a stand alone product allowing easy change from coax to 
fiber; Simply disconnect the BNC connector and plug the FMD2870 into the in. 
putloutput port. Meets FCC requirements of class A, part 15 computing device 
standard. 
- 
SPECIFICATIONS: 
OPERATION MODE: 
INPUTlOUTPUT INTERFACE: 
TRANSMISSION LINE INTERFACE: 
TRANSMISSION DISTANCE: 
TRANSMITTER OUTPUT POWER: 
WAVELENGTH: 
RECEIVER WAVELENGTH: 
MINIMUM SENSITIVITY: 
Synchronous, simplex or full duplex. 
2.35 MBps 
93 ohm coaxial cable BNC bulkhead 
jack 
2 SMA connector fiber optic recep- 
tacles (50, 100, or 200 micron core) 
2 KM-6600 ft. (5 KM option) 
10 microwatts into 50 micron fiber 
820 nanometers 
820 nanometers 
1 microwatt a820 nanometers 
SHE FMD2870 Coax Fiber Optic Modem 
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